(001) oriented NiO/NiFe bilayers were grown on single crystal MgO (001) substrates by ion beam sputtering in order to determine the effect that the crystalline orientation of the NiO antiferromagnetic layer has on the magnetization curve of the NiFe ferromagnetic layer. Simple models predict no exchange anisotropy for the (001)-oriented surface, which in its bulk termination is magnetically compensated. Nonetheless exchange anisotropy is present in the epitaxial films, although it is approximately half as large as in polycrystalline films that were grown simultaneously. Experiments show that 1 differences in exchange field and coercivity between polycrystalline and epitaxial NiFe/NiO bilayers couples arise due to variations in induced surface anisotropy and not from differences in the degree of compensation of the terminating NiO plane. Implications of these observations for models of induced exchange anisotropy in NiO/NiFe bilayer couples will be discussed.
1 differences in exchange field and coercivity between polycrystalline and epitaxial NiFe/NiO bilayers couples arise due to variations in induced surface anisotropy and not from differences in the degree of compensation of the terminating NiO plane. Implications of these observations for models of induced exchange anisotropy in NiO/NiFe bilayer couples will be discussed. Typeset using REVT E X
I. INTRODUCTION
Exchange anisotropy refers to the effect that an antiferromagnetic (AF) layer grown in contact with a ferromagnetic (FM) layer has on the magnetic response of the FM layer.
1 Exchange anisotropy is one of several magnetic interfacial interactions, which include interlayer coupling in multilayers, that have been intensively studied in recent years. The most notable changes in the FM hysteresis loop due to the surface exchange coupling are a coercivity enhanced over the value typically observed in films grown on a nonmagnetic substrate, and a shift in the hysteresis loop of the ferromagnet away from the zero field axis. The characteristics of the AF layer and the interface between the two layers that produce the strongest exchange bias are not well understood. Experimental studies and theoretical models [2] [3] [4] [5] indicate that intrinsic magnetic properties of the AF such as the magnetocrystalline anisotropy, exchange stiffness and crystalline texture, [6] [7] [8] as well as extrinsic properties such as grain size, domain size and interface roughness 8, 9 may influence the resulting response of the FM.
Unfortunately, it is difficult to manipulate these properties independently, or to probe the magnetic structure of the bilayer interface directly.
Hysteresis loops of a NiO(500Å)/NiFe(100Å) bilayer couple measured below and above the NiO blocking temperature, T b , are shown in Figure 1 and illustrate the effects of the interface exchange interaction. Above the blocking temperature (T b =200
• C < the Nèel temperature, T N = 240
• C, the NiO spins are thermally fluctuating and the NiFe film shows evidence of an induced uniaxial anisotropy. The NiFe film has an easy axis coercivity of about H ce =2 Oe, and a hard axis saturation field (not shown) of about H s = 5 Oe. After cooling to room temperature in an external magnetic field, the NiO spins are frozen and the interfacial magnetic interaction induces a unidirectional anisotropy on the NiFe film which shifts the NiFe hysteresis loops away from the zero field axis by an amount H E . The direction of the shift depends on the orientation of the NiFe layer magnetization during field cooling. In addition to the loop shift, the interfacial interaction increases the coercivity dramatically. Perpendicular to the loop shift direction, the hard axis loop (not shown) passes 3 nearly linearly through zero with almost no coercivity. The 1/t NiFe thickness dependence of H E and H ce expected from the interfacial origin of these effects, is well established.
10
The dependence of H E and H ce on the NiO layer thickness, on temperature, and on cooling field have been documented, 10,11 but are not well understood at a microscopic level.
In polycrystalline NiO films at room temperature and with constant NiFe overlayer thickness, 15 The exchange anisotropy is employed to achieve the optimum sensitivity bias configuration in the sensor and to reduce noise by stabilizing domains. 10, 16, 17 In this paper we focus on the oxide AF materials which share the same rocksalt crystal structure. The AF spin configurations and exchange coupling properties of the Mn-based materials are significantly different from the oxide materials and thus must be considered separately. The oxide films proposed for applications are polycrystalline with relatively small grain sizes. Achieving a clearer understanding of how magnetocrystalline anisotropy and texture influence the exchange anisotropy, however, requires that films with a high degree of crystalline perfection be examined as well.
The NiO spin structure is relatively simple, however the large number of domain configurations and domain walls in a multidomain sample make theoretical models of exchange anisotropy in NiO/NiFe bilayers considerably more challenging. 
II. EXPERIMENTAL METHODS
The single films and bilayers were grown in a multilayer deposition system using ion beam sputtering (IBS). The system has been described in detail elsewhere. The morphology of the NiO/NiFe bilayers was probed using x-ray diffraction (XRD).
Symmetric x-ray scans were performed on a 18 kW Rigaku rotating anode diffractometer with a scattered beam monochromator using Cu K α radiation. Phi scans were performed on a four-circle goniometer using Cu radiation at Stanford University.
The 
III. EXPERIMENTAL RESULTS
A comparison of the XRD spectra for NiO/NiFe bilayers grown simultaneously on MgO (001) and oxidized silicon is shown on Figure 2 . The films deposited on oxidized Si wafers are polycrystalline as shown by the presence of (111), (002) and (022) We have grown epitaxial bilayers in reverse order to better understand why this configuration typically shows lower exchange anisotropy than do bilayers with NiO on the bottom. 
where H E is the effective unidirectional anisotropy field, φ is the angle between the bias field H b and the applied field H, and θ is the angle between H and the magnetization. 1 (This form ignores the induced uniaxial anisotropy in the NiFe layer, which is small compared to H E .)
Assuming the magnetization reorients by rotation following the minimum energy solution, the hard axis magnetization is:
Under these assumptions, the easy axis magnetization should have zero coercivity and change sign at H = H E , and the hard axis magnetization should approach saturation asymptotically.
The best fit of equation 2 to the measured hard axis magnetization for the polycrystalline film in figure 3a predicts H E = 83 Oe which is inconsistent with the measured easy axis value of H E = 52 Oe. By increasing the size of uniaxial anisotropy above the usual value for soft NiFe alloys, we can consistently fit the easy and hard axis behavior observed in figure   3a , and 4a, and qualitatively account for the easy-axis coercivity.
The predicted analytical form of M(H) is complicated. However, we can consistently fit the easy and hard axis behavior with H E = 53 Oe and H K = 30 Oe, given that equation 3 predicts the magnetization approaches saturation with H s ≈ 2(H E + H K ). The uniaxial term is significantly larger than that observed in single films of NiFe (H K of NiFe = 5 Oe).
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The increase of H K comes from the interfacial interaction with the NiO. Strain induced at the NiO/NiFe interface may be a source of uniaxial anisotropy, however, the small magnetostriction of the permalloy, combined with the small tetragonal distortion of the NiO below its Néel temperature make this an unlikely explanation for the large uniaxial anisotropy observed here.
The large uniaxial term in the energy equation needed to consistently model the easy and hard axis data helps to account for the coercivity in the easy axis loop. It is well known that, in the presence of a uniaxial term, the energy equation contains local energy minima in addition to global minima for a range of applied fields. It is interesting to note that the ratio of the H E to H ce for a wide range of IBS polycrystalline NiO/NiFe bilayers appears to have a characteristic maximum value. Figure 6 shows The slope of the line in figure 6 depends on the intrinsic anisotropies present in NiO. The H E /H ce ratios we observe in coupled IBS NiFe/NiCoO bilayers typically lie above this line.
Further, a typical H E /H ce ratio for NiFe/FeMn bilayers is 25. 36 The higher ratio observed in general in Mn-based AF exchange couples may be due to the higher magnetocrystalline anisotropy or the reduced symmetry of the Mn-based antiferromagnets. 6,10 These differences produce a interface anisotropy that is closer to pure unidirectional in FeMn/NiFe bilayers compared to the unidirectional plus uniaxial anisotropy found in NiO/NiFe bilayers.
Turning now to the magnetization observed in the epitaxial bilayers in figures 3b, and 4b, the shape of the hard-axis magnetization curves can be predicted by adding a cubic anisotropy to the energy equation (1):
The data in figure 3b are reasonably well reproduced with H E = 20 Oe , H K = 30 Oe. The cubic anisotropy produces an energy minimum perpendicular to the unidirectional anisotropy (and to H b ) which qualitatively changes the hard axis loop shape.
In addition, the presence of a cubic anisotropy produces local energy minima in the energy surface describing the bilayer magnetization reversal. As discussed previously, these minima can be used to qualitatively account for the coercivity observed in the hard axis magnetization loop. Qualitatively, as H decreases from a large positive value, the NiFe layer moment at first remains in a local energy minimum parallel to H, and then shifts suddenly from that minimum to the energy minimum derived from the unidirectional anisotropy term, perpendicular to H and parallel to H b . Transverse magnetization data (Fig. 3c, 4c ) for H ⊥ H b reinforce this description. As the longitudinal magnetization (M x ) decreases, the transverse magnetization (M y ) increases abruptly and reaches a plateau as the NiFe layer moment settles into the global energy minimum perpendicular to H. This is in contrast to the transverse hard-axis behavior of the polycrystalline bilayer couple which shows a smooth rotation of the NiFe layer moment and no plateau.
Calculated magnetization curves that qualitatively reproduce the experimental data for the epitaxial bilayers are shown in figure 7a,b. The curves were calculated using an energy equation with a unidirectional and a cubic anisotropy:
where H K1 /H E = 1.5. The magnetization in Figure 7a is assumed to reverse by rotation and to find the absolute minimum energy configuration. The calculation reproduces the steps observed in the epitaxial hard axis loops. As in the case of the polycrystalline bilayers, if we assume the vector magnetization sticks in local energy minima and only achieves the absolute minimum when its path is unobstructed by an energy barrier, we can qualitatively account for the coercivity observed in the easy and hard axis loops as shown in figure 7b . Once again it is interesting to compare the behavior of NiFe/NiO and NiFe/FeMn exchange couples. As with NiO/NiFe exchange couples, there is a strong deposition order dependence in NiFe/FeMn exchange couples. However, in this case it is the NiFe that should be deposited first in order to achieve a large exchange bias. 38 The order dependence of NiFe/FeMn exchange bias has been found to arise from changes in growth mode when the order of deposition is reversed. The (111) textured NiFe surface serves as a template for the antiferromagnetic γ phase of FeMn. In the absence of the NiFe template the FeMn does not achieve the γ phase and instead forms in the nonmagnetic α phase, and no exchange bias is observed. In experiments where the γ FeMn is stabilized through epitaxy with a single crystal substrate, exchange bias is observed in NiFe deposited on top. 6 Further, when the γ FeMn was grown in different crystalline orientations, exchange bias in the NiFe grown on top was observed in every case. 6 The ratio of H E to H ce for the FeMn/NiFe bilayers was different for the different crystalline orientations, however. 6 Changing the order of NiO/NiFe 13 bilayer deposition does not change the crystalline phases of the individual layers, but instead produces more subtle changes at the interface that lead to differences in the exchange anisotropy.
V. DISCUSSION
There are two requirements for achieving shifts in the hysteresis loop of a ferromagnetic (FM) film deposited on an antiferromagnetic (AF) film and these requirements are sometimes at odds. First, there must be an uncompensated interaction at the interface. Second, spins in the AF layer must remain pinned as the FM film undergoes a reversal. The most obvious way to produce a magnetically uncompensated surface in the NiO is to terminate the NiO layer on the (111) face normal to the contraction axis. These (111) planes contain sheets of aligned spins. The anisotropy within this (111) plane is weak, however, and so the NiO spins may not be strongly pinned and may rotate within this plane during a NiFe reversal.
In addition, the presence of domain walls in the NiO layer perpendicular to the interface will increases the degree of compensation due to averaging of the spin orientations over the surface. 39 The presence of interface roughness makes it still more difficult to predict if the surface interaction will be uncompensated. 3 The in-plane anisotropy is strongest when the contraction axis is forced into the plane of the film, but in this orientation the bulk NiO spin configuration predicts the surface will be compensated even at very short length scales. In polycrystalline NiO films, NiO spin rotations and domain wall dynamics are strongly influenced by grain boundaries and crystalline defects, in addition to the intrinsic magnetocrystalline anisotropy.
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Our results clearly show that the crystalline structure of the NiO in NiO/NiFe thin film exchange couples does not strongly influence the spin structures that are responsible for the uncompensated interaction. Instead, it is the influence of the applied field indirectly through alignment of the NiFe layer and the subsequent NiFe/NiO interfacial interaction which determine the spin distribution at the NiO/NiFe interface. Coupling at the interface 14 between the NiO and the aligned NiFe layer must force the Ni spins in the NiO on average to be collinear, parallel to H b . These interactions force the spins at the surface of the NiO layer to distort producing an uncompensated interface nearly independent of the crystalline orientation or morphology at the interface. In other words, the interfacial NiO spin configuration is not the same as the bulk NiO spin configuration. The distorted spin configuration at the NiO surface must also be strongly coupled to the bulk of the NiO layer, anchoring the surface spins, so they do not significantly reorient during subsequent ferromagnetic reversals once the configuration is frozen in. This picture is consistent with the one presented by It is easy to see that in as-deposited bilayers in which effectively only a thin surface layer has been field-cooled through T N , we produce a different distorted NiO spin configuration than in field-annealed bilayers. In this way we can qualitatively account for changes in asdeposited and field-annealed H E . During reverse-order deposition (NiFe first), the thermal development of the NiO surface layer will be different than during forward-order (NiO first).
One can speculate that the presence of the thick metal NiFe layer will more efficiently cool the interface during reverse-order deposition, resulting in a thinner distorted layer and a smaller H E . In analogy with spin glass models, the NiO/NiFe interface may possess a large number of nearly equal energy configurations, each producing a unique value of H E . In spin glasses, configurations are separated by large energy barriers confining the system to a small region in phase space for short time scales. Changing the thermal and magnetic history of the interface, allows the spin configuration to quickly explore different local minima. They observe unusually large and nearly isotropic coercivity in both (001) and (111) oriented MOCVD based bilayer couples, however.
VI. CONCLUSIONS
We have shown that polycrystalline NiO/NiFe bilayers produce larger loop shifts than epitaxial bilayers deposited simultaneously. It appears that a larger surface anisotropy can 
